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The effect of noise. (interpreted as turbulent fluctu-
ations of the power jet) on the design of fluid an1pl ifiers 
is investigated. Mean velocity, turbulence intensity and 
the correlation function of velocity fluctuations between 
points at different separation distances at the same time 
have been measured. These quantities are used to calculate 
the root mean square values of pressure fluctuations over 
portions of the jet at which receivers of variable widths 
might be located. 
The experimental apparatus consists of two plates which 
• 
form the boundaries of a jet issuing from a rectangular noz-
,z-·le 1/2" wide by 1" deep.: One of the plates may be moved 
al-ong the axis of the jet and h~s holes spaced across its 
width through which· hot wire prol>e·-s m.ay, be inserted into 
the flow field. Using the DISA 55070 Analog Correlator 
it was possible to sense two point correlations between 
velocities at various locations and probe spacings in the 
flow field. 
General results are that RMS flo~ and pressure fluctu-
,# 
ations are a maximum at distances of ll to 13 nozzle widths 
from the nozzle exit plane. In addition, flow fluctuations 
increase with increased receiver width and pressure fluctu-
a t i on s ( a v er a g e d over the rec e i. v er w i d th ) de c re a s e w i th 
increased receiver width. These results are based upon 
measurements in the mid-plane. 
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Abstract 
-
The effect of noise, (interpreted as turbulent fluctu-
a t i o n s o f t h e p o we r j e t ) o n t h e d e s i g n o f f l u i d a n1 p 1 i f i e r s 
is investigated. Mean velocity, turbulence intensity and 
the correlation function of velocity fluctuations between 
points at different separation distances at the same time 
have been measured. These quantities are used to calculate 
the root mean square values of pressure fluctuations over 
portions of the jet at which receivers of variable widths 
might be located. 
The experimental apparatus consists of two plates which 
fbrm the boundaries of a jet issuing from a rectangular noz-
z:le l/2" wide by l II deep. One of the plates may be moved 
along the axis of the jet and has holes spaced across its 
width through which.hot wire probes may be inser·ted into 
the flow field. Using the DISA 55070 Analog Cor·relator 
it was possible to sense two point correlations between 
velocities at various locations and probe spacings in the 
flow field. 
General results are that RMS flo~ and pressure fluctu-
ations are a maximum at distances of 11 to 13 nozzle widths 
from the nozzle exit plane. In addition, flow fluctuations 
increase with increased receiver width and pressure fluctu-
ations (averaged over the receiver width) decrease with 
increased receiver width .. These results are based upon 
measurements in the mid-plane. 
i i . 
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0 
velocity fluctuations in the x direction at 
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-U0 w 
, Reynolds number 
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R ( r , s ) = u C r 2-~Ll J , no rm a 1 i z e d c o v a r i a n c e 
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midplane 
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2 qR(x), mean square flow fluctuations averaged over the 
receiver width, at a point x on the midplane (z = 0) 
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I. Introduction 
The overall objective of this investigation is to 
make design recommendations for proportional fluid ampl i-
fiers which will minimize signal distortion (noise). The 
signal is a time averaged value of pressure, flow or mo-
mentum at the exit port of the receiver; noise is inter-
preted as deviations from these averages. These quanti-
ties interact with each other in a way which depends upon 
the amplifier loading, the size and shape of the output 
ports, internal amplifier geometry (i. e., power and con-
trol jet aspect ratio, power and control jet interaction 
angle, splitter geometry, side wall configuration and vents). 
To separate out the effect of the geometric variables as much 
as possible, (especially of the output ports and loading) the 
experimehtal procedure followed uses hot wire prob.et that 
sense ·the velocity fie.]d before the flow enters the output 
ports. Our goal has· been to compare the noise geJ;-~:r.ated, 
viewed as turbulence,as various ge-0metric variabl~s a~e 
changed and our initial measurements have been for a power 
jet of aspect ratio 2 at a Reynolds number (based on nozzle 
width and jet centerline mean velocity at the nozzle exit 
plane) of 24,600. There are no side walls, control jets, 
exit ports or splitters in the tests reported here, and the 
only geometric parameters which might affect the statistics 
-1-· 
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of the turbulent flow field are the aspect ratio and the 
inlet conditions. 
A review of a number of studies on noise in fluid 
amplifiers is given by Roffman (l) and wi 11 not be re-
peated here. Perhaps to this summary should be added the 
studies made by Daniel (2). Using turbulence intensity at 
a point as a measure of noise, Daniel's conclusions are, 
l. A power jet nozzle length of 10 nozzle widths causes 
the least amount of noise. 
2. An interaction angle of 75° between control and power 
jets gives minimum noise. Maximum gai"n occurred at 
90° and decreased approximately by 6 percent at 75°. 
3·~ Minimum noise occurs at a power jet aspect ratio o·f 
one; maximum gain at an aspect ratio of three. 
4. Maximum turbulence occurred at 1.5 to 2 nozzle widths 
from (perpendicular to) the longitudinal axis of the jet • 
. 5. Noise decreases with distance. from the power jet but so 
d o e s g a i n . A c o mp r om i. S:e l tf ca: t i o n f o r t h e r e c e i v er i s 
x/w = 9. 
Most of these conclusions are in more or less agreement 
with the results of other investigato~s. As is shown by 
Prosser and Fisher (3, 4) a description of noise statistics 
should include the effect of a finite width receiver. These 
authors have developed expressions* for noise and signal in 
*These are rederived and discussed in Appendix A. 
·0-. w 
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terms of the velocity field in front of the receiver which 
d .,f.JJ~e n_ d u µ o n t h e 111 e a n v e l o c i t y U • t h e t u r b u 1 e n c e i n t e n s i t y 
2 
.,/ lJ' 
ar,'-.:-~--
u ' a n d t h e n o r rn a l i z e d c o v a r i a n c e o f v e J o c i t y R ( r , s ) . 
RMS noise is the integrated effect of these quantities 
a c r o s s t he r e c e i v e r w i d t h . P r o s s e r a n d F i s t1 e r u s e d d a ta 
based upon information obtained for a circular jet by 
Laurence (5) and Davies (6). Laurence's data is for a 
3.5 inch diameter free jet and Reynolds numbers from 
192,000 to 725,000. Recent studies by Wooten et al (7) 
of a free l .5 inch diameter circular jet at Mach numbers 
of 0.3, 0.5 and 0.7 give data for cross-correlations of 
velocity at a distance of 3 inches downstream from the exit 
p l a n e o f t h e j e t . T h e s e s t u d i ·e s a r e j u s t a f e w o f ma n y t h a t 
have been carried out, which seem t9 hav·e. been motivated by 
the need to obtain a better understanding. o·f >jet (engine) 
noise. As is shown by Pros~er, simular kfn.d.s o·f data a·re 
n e e d e d f o r f l u i d a m p l i f i e r n o i s e s t u d i e ·s , b u t· f o r r .e:c ta n g u -
l a r , b o u n d e d j e, t s , a t l o w e r v e l o c i t: i e. s: a n d: w i· t h g r e a t e r 
~mphasis on spatial covariances. Our measurements have 
been aimed at getting more data of this kind and using this 
data in Presser's equations to make recommendations for 
amplifier design. 
As mentioned earlier, noise is any deviation from a 
mean signal, and includes edgetones or any other periodici-
ties. In order to identify these periodicities there may 
-3-
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be some advantage in describing RMS quantities'in the 
f r e q u e n c y d o rn a i n • I n A p J > c n d i x A - I V , n o i s e s t a t i s t i c s a r e 
developed in terms of power spectra rather than correla-
tion functions. There is no theoretical difference be-
tween the two approaches, though there are certain practi-
cal differences. If there are no periodicities in the ve-
locity field, it is probably easier both in terms of data 
acquisition and computation to use correlation functions 
(time domain). This is the procedure that has been 
followed in this report. If the velocity field fluctuates 
harmonically at one frequency then the (time delayed) cor-
relation function at a point in the field will also fluctu-
a t e a t t he same frequency • H o·w ever i f per i o d i c i t i es con -
sisting of more than one harmonic with comparable amounts 
·of energy qre, .Present, it will be difficult to ·tell what 
freq u enc i ·es a re present from the corr e 1 a t i· on fun c t i o n . I :n: 
th·is case the power spectrum would be more useful sine~ it 
would show the distribution of energy with respect to fre-
quency due to harmonic oscillations caused by edgetone, 
resonating cavity and control jet variation. Though the 
power spectrum does provide an insight into the behavior 
of the system, its determination involves a considerable 
· amount of equipment and of computational effort, if done 
digitally. Studies of this type done with band pass filters 
have been made by other authors, notably Tamulis (8), and 
-4-
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seem to give mostly qualitative information. As is well 
k n o w n a n a n a l o q s .Y s t e n1 111 u s t a c h i e v e a c o rn p r o n1 i s e b e t w e e n 
keeping the bandwidth of the filter very narrow for hiqh 
r e s o 1 u t i o n a n d 1n a k i n g t h e p r o d u c t o f b a n c1 w i d t h a n d r e c o r d 
length very large so that the variability of the estimates 
wi 11 be kept small. Measurement of the power spectra both 
by digital and analog means are now being considered. 
II. Test Description and Instrumentation 
1. The Basic Equations 
For a finite receiver at a distance x along the jet 
centerline, the mean square of the stagnation pressure 
fluctuations averaged across the receiver width as given 
in Appendix A-1 is 
2 
- p 
- .·.·· 2 u ( X ' r ' 0 l u ( X ' s ., b ) [ u 2 ( X ' r ' 0 lJ 112 X 
.(y2-yl) 
JY2 JY2 
Y1 Y1 
2 .... · - l/2 .. · [ u ( x , s _, o ) ] R- ( r , s ) d rd s 
l:·n: ·terms of momentum , ·the e q u a t i on i s the same , mu l t i p 1 i :e d 
by the factor 4(y2-y1)2. The corresponding equation f~r 
. 
flow fluctuations is (Appendix, A-3), 
= I
Y2 IY2 
q~(x) [u 2(x,r,o)J 112 [u 2(x,s,o)J 1/ 2 R(r,s)drds 
Y1 Y1 (2-2) 
Equations 2-1 and 2-2 are two ways of representing noise as 
.,., 
-5-
integrals of the velocity field statistics. In terms of 
a n1 pl i f i er des i g n there are th r c e pd r a rn c t er s w hi c h rn a y be 
varied, the distance x from the exit plane of the jet, the 
width of the receiver y2-y 1 and y1 the location of the lower 
edge of the receiver from the jet centerline. The tests are 
designed to measure turbulence intensity, mean velocity and 
the covariance as a function of these parameters with a hot 
wire anemometer and to numerically evaluate these integrals. 
In addition the RMS stagnation pressure and flow velocity 
fluctuations are compared to the space averaged mean stag-
nation pressure PR(x), and the total mean flow QR(x) across 
the receiver width. The quantities /p~(x) /q~(x) 
' PR(x) . QR(x) 
and / q~ (x) 
Qo 
are evaluated as functions of x and the- re¢eiyet 
·w i d t h. -a n d r e p r e s e n t r e -s p e c t i v e 1 y no i s e ·t o s i g n a l r a t i o b a s e d 
on stagnation pressure and total flow and non-dimensionalized (with 
respect to total mean flow Q0 , issuing from the exit nozzle) 
total flow fluctuations. 
.~· 
. -6-
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2. Test Section and Probe Posit;oning Mechanism 
Photographs of the experirnental apparatus are shown 
in Figures 2, 3 and a drawing in Figure 4. The test sec-
tion consists of a nozzle sandwiched between a top alumi-
num moving plate and fixed bottom plexiglass plate. The 
upper plate is longer than the lower plate and has two 
parallel slots so that it can be moved in the longitudinal 
x direction. Hot wire anemometer sensors enter the flow 
field perpendicular to the x-y plane through holes made in 
the top aluminum plate. There are eight holes extending 
i n t h e y d i rec t i o n a t a s pa c i n g of O . l 9 7 11 ·w h i c h i s governed 
by the probe diameter. The probes are held rigidly by 
screws to a vertically moving aluminum block attached to 
a micrometer and the whole mechanism is supported by the 
~· l .um: i n_ um p l a t e { F i g . 2 , 3 , 4 ) ... Po s i t i o n i n g o f t h e· p r o b e-s 
is possible at continuous loca,tions in the x (by ntoving 
the plate) and the z (using the micrometer) di.rec::ttons and 
a t d i s c re t e po s i t i on s i n the y d i rec t i on a t s. p'a .c f _n g s w h i c h 
are multiples of 0.197 inches. 
The plexiglass nozzle has a width of 1/2 inch which 
has been reduced from al 1/8 inch wide by 6 1/4 inch long 
stilling chamber. The inlet to the chamber is perpendicular 
to the plane of the jet and a piece of honeycomb is placed 
in the chamber to make the flow as uniform as possible as 
-7-
it enters the nozzle (Figure 4). The nozzle is fixed on 
t h e b o t t o 111 p l a t e b y s c r e w s a n d p i n s f o r a c c u r <l t e a l 'i q n 111 e n t . 
Rubber cement was used at all the joints to reduce leakage, 
and an aluminum rather than a plexiglass upper moveable 
plate was used for strength. 
The purpose of entering the flow field with the hot 
wires through the top plate was to make the apparatus more 
flexible for future work when entry through the side might 
not be possible because of interference from control and 
receiver ports and from sidewalls. The dimensions of the 
j e t we r e c ho s e n s o t ha t R e y no 1 d s n um b er s o·f u p to a b o u t 
100,000 could be obtained with the available supply pres-
sure and flow. 
:3:, I n s tr um en ta ti :O.'fJ 
The hot wire anemometer probes are insulated from the 
a 'l :um i n u m p l a t e a n d v e r t i c a l l y m o v i n g a l u m i n u m b l o c k by r u b -
ber tubing to avoid a ground loop between the probes. The 
probes are made by DISA - S. & B., Inc. and are type 55F31. 
All the electronic equipment used is also from DISA and 
includes, 
two anemometer units 
two linearizers 
D. C. voltmeter 
RMS voltmeter 
analog correlator 
-8-
55001 
. 55010 
55030 
55035 
55D70 
The output voltage of the hot wire anemometer is not 
a linear function of the flow ve·locity so that ordinarily 
a c a l i b r a t i o n c u r v e i s n e e d e d f r o rn w h i c h t h r~ v o l t a 9 e , n a y 
be related to the flow velocity. A properly calibrated 
linearizer gives a one to one relationship between voltage 
and velocity and allows direct measurement of the mean ve-
locity, RMS velocity and the covariance using the DC and 
RMS voltmeters and the correlator. A block diagram of the 
instrumentation is shown in Figure 5. 
Checks on the accuracy of the calibration procedure 
were made by comparing mean velocity readings with a known 
flow velocity from a separate circular calibration nozzle 
and flow rates were checked by comparing readings of static 
pressure in the stilling chamber, with a flowmeter and by 
integrating hot wire velocity readings taken across the 
width of the jet. Flow comparisons made this way were 
within 1.5 percent of each other. 
Since the wire is placed perpendicular to the mean ve~ 
locity in the x direction, fluctuations are also sensed in 
the z direction. This causes errors both in mean velocity 
and turbulence intensity which are dependent upon local 
turbulence intensity. In Appendix Ban analysis of these 
errors is made. If the local turbulence intensity is 20% 
the resulting error in mean velocity is 2% and in turbulence 
intensity there is an error of 1/2%. 
-9-
_J 
III. Test ~_q_mputations 
In order to obtain noise to signal ratios viewed 
as stagnation pressure, momentum or flow, equations 2-1 
and 2-2 must be evaluated, and divided respectively by the 
average n1ean stagnation pressure and the integrated mean 
flow across the width of the receiver. Rather than try 
to develop analytic expressions from test data which 
could be put into these equations and evaluated numer-
ically, the procedure followed was to write the inte-
grals as sums and to use actual or interpolated data 
points in the sums. The equations for noise to signal 
become, for the stagnation pressure, and total momentum, 
and for flow, 
[ U 2 ( X , y J. ) ] l / 2 R ( y . , y . ) tiy 2 } l / 2 
1 J 
( 3- l ) 
2 . qR(x) 
0
{ N N 2 ) 1/2 2 )- 1/2 2 1/2 t = l I= l [ u ( X 'y i ] [ u ( X 'y j ] R ( y i , y j ) 6y } 
-
QR(x) E· 
i = l U i ( X 'y i ) /1y ( 3-2) 
-10-
For different values of N the number of intervals hy, (each 
o f w h i c h i s O • 1 9 7 11 ) d e t e r rn i n e t h e w i d t h o f t h e r e c e i v e r . 
The numerator in equation 3-2 gives a measure of • • no1se 1n 
an absolute sense. Data for the evaluation of these quant-
i t i e s w a s t a k e n a t t h e n1 i d p 1 a n c a t v a l u e s o f x / w f r o rn a b o u t 
5 to 14 and in they direction to about l .4 inches to one 
side of the centerline. All calculations were made with 
one edge of the receiver on the centerline (y 1 = 0). 
Hot wire measurements were recorded at a mean noz-
zle exit velocity of 96 ft/sec, a Reynolds number of 24,600 
and a local turbulence intensity at the nozzle exit of 0.0189. 
The variation of the covariance with changes in Reynolds num-
bers in the z direction was also measured. 
IV. Dfscussion of.Results 
l ~- Mean Velocities and Turbulence Intensity 
Instead of plotting mean (midplane) veloc·it_y p·rofiles 
f-0r different locations downstream from the nozzle exit plane 
t:h·ese velocities were plotted against a similarity parameter 
:.used for circular jets to see whether -·the separate profiles 
would collapse into a single curve. The results show (Fig-
ure 6) a jet boundary slope of about 0.15 and a constant ve-
locity profile closely equa·l to the exit velocity within a 
wedge defined by the boundary of the jet and a line with 
slope -0.15 drawn from the edge of the nozzle. Expressed 
-11-
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t 
[ I 
as an equation of a line this gives for the jet boundary, 
y = 0. l5x + 0.25 and for the edge of the core y = -0. 15x 
+O 2 5 < 1 . 6 7" . • ' X Data taken at a higher Reynolds number 
(36,400) showed, as would be expected, a slight broadening 
of the jet boundaries and a shortening of the core (Fig-
ure 7). Figure 8 gives turbulence intensity in terms of the simi-
larity parameter and shows a peak intensity which is relatively 
constant along a horizontal line drawn from the edge of 
the nozzle (y = 0.25). For the higher Reynolds number, 
:{Figure 9), the magnitude and location of this peak has not 
changed, though it is less sharp, probably because of the 
broadening of the jet and the earlier transfer of energy 
from the core. Though the max·imum turbulence intensity 
did not change noticeably with an increase in Reynolds 
rtumber (verified by.tests .. run at various NR up to 36,400)~-
it should be noted, that the level of turbulence i. e. 7 
h~s actually increased and that it has been offset by a pro-
portional increase in the exit plane mean velocity. 
The variation of the mean velocity in the z direction 
in the centerplane (y = 0) is shown in Figure 19. These 
contours are drawn by interpolating between data points. 
The effect of the perpendicular inlet is shown by a bulging 
out of the velocity contours above the midplane. This asym-
metry persists, though to a lesser degree, out to the end 
of the plate and is an-indicatiort of what happens in fluid 
-12-
amplifiers whose power jets are supplied with perpendicular 
i n 'J c t s . F i 9 u re l I s hows t he s a 111 e c1 s y 111111 P t r y a t a h i CJ h e r f~ e y-
n o 1 d s n u 111 b e r a n d a l s o s h o w s a n e x t e n s 'i o n o f t h e O • 6 c o n t o u r 
further downstream and a widening of the distance in the x 
a n d z d i r e c t i o n o v e r w h i c h t h e n1 ea n v e l o c i t y e q u a l s t h e f l ow 
velocity on the centerline. This widening increases with 
increased Reynolds number. Flow velocities decrease sharply 
in a region adjacent to both top and bottom plates at 
about 20% of the half depth. These curves give some indi-
cation that the effect of the top and bottom plates is to 
shorten the length of the core of the jet in the x direction 
as you move in the z direction. 
2. The Lateral Correlation Field 
Figures 12 through 21 show the mid-pla:ne n:O·'tnraliz.·ed 
covariance of the velocity field in the x direction at values 
bf x/w ranging from 5.25 to 14.25. The probe positions off 
the centerlines (i.e. x-axis) are given by probe numbers, 
each n~mber corresponding to a hole in the aluminum plate. 
The designation, R{4,y) for example, is for one probe in the 
4th hole, 0.788" from the centerline and the other probe in 
a hole designated by y which is a changing multiple of the 
probe spacing of 0.197". Curves were sketched only to lo-
cate points in the f~ow field and no attempt was made at 
curve fitting. In reference 9, Prosser and Fisher have 
-13-
s om e d a ta o f t h i s t y p c f o r a t w o - d i rn e n s i o n a 1 j e t a t v a 1 u e s 
of x/w = 5, 10 and 15. Interpolated values of this ddt.d for 
x/w = 5.25 and 10.25 plotted on Figure 12 and 17 (dotted lines) 
show fairly good agreement with our data. This suggests that 
mid-plane correlations for jets bounded by top and bottom 
plates may be the same as those for two-dimensional jets. 
To determine the influence of the top and bottom plates cor-
relations were taken in the z direction with one wire on the 
x-axis and the other one hole (0.197") off the x-axis in the 
y direction. The result is shown in Figure 22 in which a 
large number of data points were taken for x/w = 5.25, just 
to define the curve as clearly as possible, and a few at 
x/w = 6.25 to verify a trend which indicates that the field 
is more correlated as you move off the mid-plane. This trend 
t.s also shown in Figure 23 at x/w = 10.25 where in a.d·dition 
ft c·.a n. be seen t ha t the v a: l u e of the co v a r i a n c e. ;· :s r·.e l a t i v el y 
insens·itive to changes· i·n :R·:e_y.nol ds number in a .. ra·ng:e of NR 
·f:r·:om 4000 to 24.,600. In Figure 24, the correlation between x-
:d· ·;: r e c t i o n v e l o c i t i e s a t t h e c e n t e r l i n e a n d O • l 9 7 " i n t h e 
y direction off the centerline is shown for two Reynolds num-
bers. The lowest values of covarianc~ are right at the noz-
zle exit plane after which there is an increase and then a 
sharp decrease at an x/w of about 4 to 5 which .is the approx-
imate end of the core of the jet. Thereafter, there is a 
steady increase in covariance with distance downstream. 
-14-
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3. Root Mean ig~_are !oise and Noise !_Q_ Signal Ratios 
Figures 25 and 26 are plots of equations 3-1 and 3-2 
respectively using the data in the mid-plane previously de-
indicate 
scribed. These resultsAa general increase in noise to signal 
ratio with increased values of x/w with a leveling off for 
values of x/w from 11 to 13. Also shown is a decrease in 
these ratios with an increase in receiver width. This de-
crease is not very great however for nozzle widths greater 
than about 0.394 inches. It is attributable to a greater 
rate of increase in the mean pressure and flow than in the 
rms pressure and flow fluctuations, as the width of the re~ 
ceiver is increased. Figures 27 and 28 are plots of rms 
stagnation pressure and flow non-dimensionalized with r~spect. 
to conditi.ons at the nozzle exit plane. They are pl-0ts of 
equations 3~1 and 3-2 in which the denominators have not been 
included and give an idea of how therms fluctuations vary 
with x/w and nozzle width, without reference to the signal. 
Pea.k_s in these curves are in the neighborhood .. of x/w from 
-9 to a b o u t l 2 • 
The data used in the generation of Figures 25 
through 28 assumes no z dependence. To check this assumption 
similar calculations were made using off mid-plane data. 
For those points checked, there was no significant differ-
ence in the results. Off the mid-plane, turbulence intensity 
starts to decrease but there is a compensating increase 
-15-
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in the covariance which along with the fact that mean 
velocities do not chan9e appreciably across the depth, 
g i v es l i t t l e ch an g e i n no i s e to s i g n al ratios . 
V. Summary and Conclusions 
The data presented in this report is for only one 
aspect ratio (2) and for a relatively small range of 
Reynolds numbers. Tests at other aspect ratios should 
be conducted to generalize the results. Because of the time 
involved in taking data all measurements were not taken at 
all Reynolds numbers though spot checks were made to deter-
. 
mine whether there were any significant trends. Where a 
trend was noticed it was i nves ~.i gated, and has been re-
ported on here. 
The following conclusions may be drawn from our 
l. For .va·Tu.es :o.f ·mean velocity and turbulen:c-e intensity 
taken in :the mfd,,-·pl-ane, data points co1l.apse ·into a single 
curve with re.s-pect to the pa_rame,ter· n = _y-w/2_ ... 
. X 
-2. Maximum turbulence intensity in the mid-plane occurs 
along a line which is coincident with the edge of the 
nozzle (y = 1). 
3. The effect of the upper and lower plates is to shorten 
·the length of the core of the jet as you move off the mid-
plane. 
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4. Maximum turbulence intensity referenced to exit plane 
mean velocity remains relatively constant with changes in 
R e y n o l d s n u ru b e ,... • 
s. Mean flow velocities decrease sharply in the Z direction 
at points adjacent to the top and bottom plates which are 
20% of the half depth. 
6. There is fair agreement between mid-plane spatial 
correlations for bounded jets and two dimensional jets. 
7. Spatial correlations increase as you move off the mid-
plane. 
8. Correlations are insensitive to changes in Reynolds 
number in a range of NR from 4000 to 40,000. 
9. Within a distance of 0.2 11 off the centerline at mid-
plane, correlations drop to below 0.5. 
·1 O.. T h e .r: e t · s .~~ d e c r e a s e i n c o r re 1 a t i o n a s y o u 1 e a v e t h e c o re 
().f the Jet in the x-direction a-fter which there is a steady 
,: _ n.cre.a~e .-
ll . Th .e rat j o of ti o i s e to s i g n a 1 i s .g re ates t a t v a 1 u e $' of 
X f.. 11 1·. - ·• ··rcfm· : ·. to- '. .:3·. w . 
. 
p·--eak RMS noise o.-ccurs- somewhat earlier at 
X f· ·-- -. . g· t· l 2 _;_ · .. rom . · o . W• .. 
12. As receiver width is increased there is a decrease in 
noise to signal ratio for all~- For widths greater than 
approximately twice the nozzle width there is no appreciable 
further decrease. . . 
-17-
Appendix A 
Noise Statistics for an Undeflected Jet 
:I Basic Equations in Terms of Stagnation Pressure 
Figure l gives the coordinate system for a power jet 
in which a finite width receiver is placed. The stagnation 
pressure is related to the velocity field at a point in 
front of the receiver through the equation, 
l - 2 P(x,y,z,t) = Ip[U(x,y,z) + u(x,y,z,t)] 
Integrating equation A-1 in they direction and averaging 
in space across the width of the receiver the expression for 
the mean pressure in terms of velocity is, 
IY2 - 2 [U(x,y,o) + u(t,x,y,o)] dy 
Y1 
Y: f 2 tIT2(x,y,o) + i 2(x,y,o)]dy (A-2) 
Y1 
and for the mean square of the pressure fluctuations, 
J
Y2 Jy2 
- - · 2 l /2 U(x,r,o)U(x,s,o)(u (x,r,o)) 
Y1 Y1 (u2(x,s,o))l/2 
R(x,s,r)dsdr {A-3) 
t 
1. 
The detailed derivation of these equations is given in 
r e f c r e n c e 3 a n d i n v o 1 v e s a n u nt b e r o f c1 p p r o x i n1 a t i o n s a n d 
a s s u 111 p t i o n s w h i c h a r e d i s c u s s e d b e l o w . 
1. It has been assumed that the statistics of the pressure 
field will be preserved when the flow is stagnated and 
that they are the same as the velocity field before stag-
nation. The receiver, depending upon its geometry and 
loading, will have an effect on the way energy is trans-
ferred from fluid velocity to stagnated pressure. This 
is actually pointed out by Prosser in (4). The repre-
sentations A-2 and A-3 are useful howe·ver in determining 
where best to locate the receiver so that the noise in-
put to the receiver will be minimized, though it is the 
pressure (or flow) at the output of the receiver which 
is the signal. 
2. T_he integration-s i:n A·-2: a·nd A:~3 are carried out in the 
y direction onlyj the assumption being that there is no 
z dependency. Th1 is would probably be true for flow from 
a finite width slit of infinite height but it is bound 
to i n t r o d u c e s o m e e r r o r s f o r j e t s -u s e d i n f l u i d a m p l i -
fiers which are bounded in the z direction. Consider-
ations of variations in z leads to quadruple integrals 
and covariances in four coordinates (equation A-4). 
.. 
~------------------------------------
3 . 
2 () 
U(x ,r ,k)U(x ,s ,1) 
2 . 1/2 2 1/2 [u (x,r,k)] [u (x,s,£)] R(s,r,k,.t)drdsdkdt 
It would be difficult to evaluate this integral, even if 
the data required was available. As pointed out in the 
introduction our purpose is to find the location down-
stream of the receiver from the nozzle and the width of 
the receiver which will minimize noise. This could be 
done using equations A-2 and A-3 for the midplane (z = 0) 
assuming no variation in the z direction and then com-
pared with a similar calculation at another value of z. 
Pressure in the jet is assumed constant. 
2 -2 In equation :A-~3., u -u has been neglected relative to 
-2Uu. 
. . 
II: .. Ba·s·ic E·guations i·n Terms of· ·M·omen·t:tt·m 
The momentum of a differential element at the receiver 
entrance is, Udm = pU 2dy - 2 = p ( u + u) dy. The time averaged 
momentum over the receiver width, 
Yz 
MR{x) = p f [If(x,y,o) 2 + u(t,x,y,o)] dy (A-5) 
Y1 
This equation is identical to equation A-2 except for a factor 
of land by a factor which is the reciprocal of the receiver 2 
1 
width ( · ). Therefore whether momentum or stagnation Y2-Y1 
.. ~- .) ,) ·~ P r ... , 1 ,· ( u r • 1· 1 is considered, the statistical representation in 
terms of velocity for a given receiver width is the same. 
III. The Basic Equations in Terms of Flow 
The flow entering the receiver is for unit depth taking 
values at the midplane. 
J
y2 
QR(x,t) = [U(x,y,o,t) + u(x,y,o,t)]dy (A-6) 
Y1 
- J
Y2 
U(x,y,o)dy 
Y1 
JYz JY2 
u(x,r,o,t)u(x,s,o,t)drds 
Y1 Y1 
= J
Y2 Jy2 2 l/2 2 l/2 (u (x,r,o,t)) {u (.x,s,o,t)) R{x,s,r)dsdr 
Y1 Y1 
(A-7) 
Compared to the mean square of the stagnation pressure and 
the momentum fluctuations the expression for the mean square 
of the flow has the advantage of being simpler (it does not 
depend upon the mean velocities) and does not require that 
.• 
\ 
2 -2 
u - u be neg l cc t e d . How c v c r , co rn,n r. n ts p rev i o u s 1 y n1 a de con -
cerning variations in the z direction and disturbdnce of 
the velocity field caused by receiver feedback still apply. 
IV. Noise Statistics in the Frequency Domain 
The stagnation pressure fluctuation in terms of ve-
locity at a point, subject to the approximation that, 
2 -2 _- O u -u is given by 
p ( X ; y ' z ,-t ) = p u ( X , y , z , t ) IT ( X , y , z ) (A-8) 
The {time averaged) correlation function for the pressure is 
p(x,y,z,t)p(x,y,z,t+T) = p 2U(x,y,z,t)u(x,y,z,t+T)IT2(x,y,z) 
(A-9) 
By taking th.e·. :Fo:u.-:ri_er Tr-ansfo.rm of both sides of equation 
A-9 the co-rrespondi:ng relat.io:n in the frequency domain in 
t¢rms of power spectra is obtain~~~ 
·2· --2 · 
'1>-p ( X , Y , Z , W) = Jl <PU ( X , y , Z , W) U .. {X ; Y , Z )-
In a similar fashion the cross-power spectrum at two points 
rands on the receiver face for constant x and z is given by 
I 
_ 2 ( - -
~p\x,r,s,z~w) - p ~ x,r,s,z,w)U{x,r,z)U{x,s,z) u 
. 
( A- 11 ) 
For a receiv~r.of width y 2-y1 the (space) average stagnation 
pressure across the receiver width is, 
, 
IY2 u(x,r,z,t)U(x,r,z}dr (A-12) 
Y1 
The correlation function 
p2 2° JY2 
for the average stagnation pressure is 
.y 2 J ~u ( x , r , s , z , 1 ) U ( x , r , z ) IT ( x , s , t ) d rd s (y2-yl) Yi 
The power spectrum is 
<l>p R ( y , z , w) = 
2 p 
Y1 (A-13) 
~u(x,r,s,z,w)U(x,r,z)iT(x,s,t)drds 
(A-14) 
The mean square of the pressure fluctuations is 
00 
p2 (x,z) = f ~PR(x,z,w)dw {A-15) 
-co 
The power spectral density relation for total momentum fluct.u-
ations across the. ·re.ceiver face i:s id·e.nttca:l: t.(l ~qu~tion· A-l4 
except for a constant factor. 
<PMR(x,z,w) '4 2 = .. p 
Y2 Y2 f f ~u(x,r,s,z,w)U(x,r,z)U(x,s,z)drds 
Y1 Y1 ( A- l 6) 
Following a procedure similar to that given in III and trans-
forming into the frequency domain the power spectral density 
function, in terms of flow is 
Y2 Y2 
. 
~FR(x,z,w) = J f ~u(x,r,x,z,w)drds (A-17) 
Y1 Y1 
Appendix B 
Hot Wire Anemometer Errors 
z 
y 
-/U + ux- ., 
}Hot Wire (parallel toy) 
.I Error in Mean Velocity in the~ direction 
Let V = total instantaneous velocity sensed by the 
• wire. 
V = / (IT + u ) 2 + 2 X Uz 
-· 
·-· [u2 + 2uu + u~, + u:2-_J:. 1/i· 
. X . X .. :z:· :. 
• Factoring out u and expanding into a series, 
l 2ux 
2 2 2 4u ux + uz 1 4ux V u .[·1 - ·+ 2( - + 8( -2 + -
-2 - -u u u u 
u2 + u2 
+ { X 2 } 2 ) + h. h d t 19 er or er erms 
u 
The time average (DC 
2 + 2 
component) of Vis 
2 
2 
X { ux 
2 + u 
z} 
-2 u 
l ux uz V = u [l + -2 ---u2 
l ux 
- - -,,- + higher order terms] 2 77£. u 
{ B-1 ) 
(B-2) 
Defining local turbulent intensity 
-2 
,t u 
as z - 1xz -~ u 
-u 
, and I = 
z - we have, if higher order terms 
are neglected 
V = IT (1 + .!_ r2J 2 z 
u 
The error in the mean velocity is therefore l 12 2 z' 
so if I2 = 0.2 then V = IT (1 + ·~4] = l .02IT 
and the errur in mean velocity is 2%. 
1:1 Error in Turbulence Intensity 
I 
The value of the RMS output from the hot wire is 
(B-3) 
/cv - VJ 2 . Following a ptOtedure similar to that in 8-l 
and neg_lecting h_igh .. er or·der terms we obtain, 
(B-4) 
.. . 2 
2 2 u u [ v - VJ :;: IF · [ 1 + _x + :_2 -
U 2U 
:-Multiplying out and s·: i':m p,:J ·,: f·y i n g , 
22 u2 u4 2 
VJ2 -2 l( u u uz [V - [ X + z z) + X ] (B-5) - u --
-2 -4 4 rr4 -3 u u u 
Assuming that 
~ u u 2 
is greater than 2 and that ~3
2 is small 
rr4" u 
- 2 by comparison to the other terms, the error in [V - VJ as 
a n c s t ·i rn a t e o f 
and 
/[v - V]2 -
-
2 
. l th u 1~; ess an, 
X 
-~-2 
u2 
- - ~2·] 
4U 
[ 1 
-
22 
uz 
-2-2 4U u 
X 
(B-6) 
] l / 2 (B-7) 
Again, taking only the first term of the expansion of this 
quantity gives, 
- /2 
- u X 
2 2 
u u [l __ 81 z z ] 
-2 =l u .. u (B-8) 
X 
T.a·kf,n:g 't:he mean square turbulenc,.e: in the z. direction to be 
.e:q'Ua.l ·to that in the x direct i o~n, :.;, -~: e,. 
u2 u2 
z 
--2 = 1 , a n ct a v a l u e f o r -~ o f O • to ., 
ux u 
[ l - •g.4] = I u; 
..... 
[ 1 - 0 • ·Q Q:5_:_]: (B-9) 
which gives an error of 0.5%. Even if the ratio of the mean 
square turbulence in the z direction is two or three times 
its value in the x direction, the error is not substantially 
increased. 
' ' 
,...._,· ·--,_ 
j 
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